ABSTRACT: Gestating Angus, nonlactating, springcalving cows were used to determine variation in maintenance energy requirements (MR); to evaluate the relationship among MR and cow and calf performance, plasma concentrations of IGF-I, T 4 , glucose, insulin, and ruminal temperature; and to describe the LM proteome and evaluate protein abundance in cows with different MR. Cows (4 to 7 yr of age) with a BCS of 5.0 ± 0.2 and BW of 582 ± 37 kg in the second to third trimester of gestation were studied in 3 trials (trial 1, n = 23; trial 2, n = 32; trial 3, n = 38). Cows were individually fed a complete diet in amounts to meet predicted MR (Level 1 Model of NRC), and feed intake was adjusted weekly until constant BW was achieved for at least 21 d (maintenance). Cows were classified on the basis of MR as low (>0.5 SD less than mean, LMR), moderate (±0.5 SD of mean, MMR), or high (>0.5 SD more than mean, HMR) MR. Blood samples were taken at maintenance and at 2 mo postpartum in trial 2. Muscle biopsies were taken from LMR and HMR after cows consumed actual MR for 28 d (trial 2) or 21 d (trial 3). Proteins from LM were separated by 2-dimensional difference gel electrophoresis and were identified, and abundance was quantified and compared. The greatest differences in MR between cows were 29%, 24%, and 25% in trials 1, 2, and 3, respectively. Daily MR (NE m , kcal·BW -0.75 ·d -1 ) averaged 89.2 ± 6.3, 93.0 ± 4.9, and 90.4 ± 4.6 in trials 1, 2, and 3, respectively. Postpartum BW and BCS, calf birth and weaning weights, postpartum luteal activity, and ruminal temperature were not influenced by MR of the cows. Concentrations of IGF-I were greater (P = 0.001) in plasma of MMR compared with LMR cows consuming predicted MR diets, and MR was negatively correlated with concentrations of IGF-I in plasma (r = -0.38; P = 0.05) at 2 mo postpartum. A total of 103 proteins were isolated from LM; 52 gene products were identified. Abundance of specific proteins in the LM was not influenced (P > 0.11) by MR. Variation in MR of cows will make it possible to improve feed efficiency by selection. Identification of biomarkers for MR will allow selection of more efficient cows, which consume less feed and produce calves with similar weaning weights. Productive cows that require less feed for maintenance will improve efficiency of production and enhance sustainability of the environment.
INTRODUCTION
Approximately 70% of the yearly energy required for beef cows is due to maintenance energy requirements (MR; Ferrell and Jenkins, 1984) . Differences in MR within and between breeds and cow types have been recognized (Ferrell and Jenkins, 1984; DiCostanzo et al., 1990) , and MR heritability is moderate (Hotovy et al., 1991) . Methods to estimate MR are expensive or time-consuming or both (NRC, 1996) ; indicators for MR have not been identified. Biomarkers for MR are needed to improve feed efficiency in beef production. Selection of the more efficient beef cows, which wean a calf each year, could greatly increase profitability and enhance the sustainability of the environment.
Skeletal muscle requires an important proportion of energy expenditure for muscle contraction and protein turnover (Webster, 1980; Tess et al., 1984) . Proteomics has the potential to identify the effects of MR on cellular processes and function (Lippolis and Reinhardt, 2008) . Nutrient intake influences systemic concentrations of IGF-I, insulin, and thyroxine of beef cows (Richards et al., 1995; Ciccioli et al., 2003; Lents et al., 2005) . Rectal temperature has been positively associated with MR in beef steers (Derno et al., 2005) and mice (Kgwatalala et al., 2004) . To our knowledge, concentrations of hormones in plasma, ruminal temperature, and muscle protein expression in mature beef cows with different MR have not been determined. The hypothesis is that there is variation for MR in beef cows and biomarkers exist to identify cows that require less energy to maintain BW. Objectives were 1) to determine variation in MR of mature, nonlactating beef cows, 2) to evaluate relationships between MR, cow performance, and postnatal calf growth, 3) to evaluate relationships among MR and plasma concentrations of IGF-I, thyroxine, glucose, insulin, and ruminal temperature, and 4) to describe the proteome of longissimus dorsi and evaluate protein abundance in mature beef cows with different MR.
MATERIALS AND METHODS
The Oklahoma State University Animal Care and Use Committee approved all the experimental procedures used in this study (AG0618).
Animal Management and Estimation of Maintenance Energy Requirements
Spring-calving Angus cows (age = 4 to 7 yr) were utilized during 3 trials to determine the relationship of MR with physiological functions. Different cows were used in each trial with the exception that 5 cows were used in both trials 1 and 2. Nonlactating pregnant cows in trial 1 (BW = 595 ± 24 kg; BCS = 5.1 ± 0.2; n = 23) were 6 to 8 mo into gestation during evaluation of MR (November to January). Nonlactating pregnant cows in trial 2 (BW = 576 ± 47 kg; BCS = 5.0 ± 0.2; n = 32) and trial 3 (BW = 569 ± 44 kg; BCS = 4.9 ± 0.3; n = 42) were 5 to 7 mo into gestation during evaluation of MR (October to December). Estrous cycles were synchronized, and cows were AI to a single sire during 3 wk each year. Calves were weaned at 7 mo of age. Calf growth and cow performance were evaluated in trials 1 and 2, hormones in plasma and ruminal temperature were evaluated in trial 2, and the abundance of proteins in longissimus dorsi were determined in trials 2 and 3.
Maintenance energy requirement was defined as the amount of dietary energy intake that resulted in no net loss or gain of energy from body tissues (NRC, 1996) , and consequently, BW and BCS of the cow remained constant. Fetal weight increase during determination of MR represented about 1% of maternal BW, was similar for all cows that were at comparable days of gestation, and was not considered.
Feeding trials were conducted to evaluate MR. During evaluation of MR, cows were maintained in a drylot (60 × 80 m) and had ad libitum water and mineral mix (46.1% NaCl, 50.0% dicalcium phosphate, 0.4% copper sulfate, 0.5% zinc oxide, and 3.0% mineral oil). Cows were confined in stalls each day for 20 min at 0730 h and were individually fed. The diet (as fed) was composed of rolled corn (38%), alfalfa pellets (35%), cottonseed hulls (21%), soybean meal (4%), cane molasses (3%), salt (0.2%), and vitamin A, with a calculated (as fed) CP = 11.2% and NE m = 1.44 Mcal/kg. Samples of the diet were taken twice a week to prepare a composite for analyses (Dairy One Inc., Ithaca, NY). The analyzed (DM basis) CP and NE m content of the ration were 14.7% and 1.61 Mcal/kg, respectively, in trial 1, 15.4% and 1.59 Mcal/kg, respectively, in trial 2, and 14.4% and 1.56 Mcal/kg, respectively, in trial 3.
During the trials, BW were recorded weekly after feed and water deprivation for 23 and 17 h, respectively. Body condition scores (1 = emaciated, and 9 = obese; Wagner et al., 1988) were recorded by the same evaluator at the initiation and end of the trial.
Initially, cows were offered a maintenance diet based on the NRC Level 1 Model (NRC, 1996) for 21 d (Fig. 1 ). Cows were adapted to the diet and feeding conditions for 7 d, after which the initial BW was recorded, and the MR test period was initiated. Starting 14 d after the initial BW, the ration offered to individual cows was adjusted, if necessary, to maintain constant BW. When the cumulative increase in BW of a cow was greater than 9 kg for 2 wk, the ration was reduced by 0.45 kg feed/d compared with the previous week. Cows with a cumulative decrease in BW greater than 9 kg for 2 wk received an additional 0.45 kg of feed/d compared with the previous week. The MR of cows was determined during the same days when all cows had a constant BW for at least 21 d and the MR test period was concluded. Constant BW of cows was determined with regression analysis using PROC REG (SAS Inst. Inc., Cary, NC). Cows with a linear change (P < 0.10) of BW over days, indicating BW gain or loss, were eliminated from analyses. Cows consumed the total diet that was offered.
Maintenance energy requirement (NE m ) of each cow was calculated as the dietary energy required to maintain constant BW for 21 d (trials 1 and 3) and 28 d (trial 2), expressed as kcal·BW -0.75 ·d -1 . Mean BW during the period of constant BW and the mean daily energy (NE m ) consumed during that period were used to calculate MR. Cows were classified into low (>0.5 SD less than mean, LMR), medium (±0.5 SD of mean, MMR), or high (>0.5 SD more than mean, HMR) MR groups.
Cows were maintained as a group after determination of MR, grazed native prairie pasture (Andropogon scoparius, Andropogon gerardii), and received protein supplementation according to their physiological state and pasture availability. During the last trimester of gestation, cows received 1.40 kg/d of a 38% CP supplement. After parturition, supplementation was increased to 1.80 kg/d of a 38% CP supplement for 2 mo, and cows had prairie hay ad libitum.
Body Weight and BCS
Body weight of cows and calves and BCS of cows were recorded after 17 h without feed and water at 2 and 6 mo after calving and at weaning. Calves were weaned at 7.1 ± 0.3 and 6.9 ± 0.2 mo of age in trials 1 and 2, respectively.
Ruminal Temperature Records
Ruminal temperature was recorded from 10 d before to 7 d after parturition in trial 2. Cows were maintained in a pen (60 × 80 m) and fed 1.8 kg/d of a 38% CP supplement, with water and prairie hay ad libitum. Calves remained with dams continuously. Boluses (SmartStock LLC, Pawnee, OK) were orally placed into the rumen of each cow using a custom balling gun at 7.0 ± 0.2 mo of gestation. The ruminal bolus data collection system (www.smartstock-usa.com) consisted of 4 components: 1) radio frequency ruminal temperature (RuT) sensor bolus (8.25 × 3.17 cm; 114 g), 2) an antenna for data collection in the cow pen, 3) a receiver antenna for transmitted data within 100 m of the antenna for data collection, and 4) a personal computer with software for data storage. Data collection and receiver antennas were within 100 m of each other. Date, time, cow identification, and RuT (every 15 min) were transmitted by radiotelemetry and stored in the computer for analyses.
Blood Samples, Hormones, and Assays
Blood was collected from cows at 0730 h (after deprived from water and feed for at least 18 h) and at 1100 and 1430 h (at 2 and 7.5 h after feeding, respectively) on 3 different days in trial 2. The first day of sampling occurred after cows were fed to the predicted MR level (NRC Level 1 Model) for 3 wk, which was 2 wk after initial BW (d 14 of the test period). The second day of sampling occurred after cows were fed their actual maintenance diet for 28 d (d 49 of the test period). The third day of sampling occurred at 2 mo after calving when cows were grazing native prairie grass pasture (d 189 after initiation of the test period). Blood samples were collected from caudal veins into Vacutainer tubes containing EDTA, stored on ice, and centrifuged at 2,500 × g for 20 min at 4°C within 2 h after collection, and plasma was aspirated and stored at -20°C.
Concentrations of IGF-I in plasma were determined after acid ethanol extraction (16 h at 4°C) by RIA (Echternkamp et al., 1990) . Samples collected on d 14 were analyzed in one assay, samples collected on d 49 were analyzed in a second assay, and samples collected on d 189 were analyzed in a third assay. Intra-and interassay CV (n = 3 assays) were 3% and 17%, respectively. Plasma concentrations of T 4 were quantified with a solid-phase RIA for human T 4 (Coat-A-Count Total T 4 kit, Diagnostic Products Corp., Los Angeles, CA; . Samples from d 49 and 189 were analyzed in 4 assays per day of collection. The intra-and interassay after cows were adapted (Adp) to diets for 7 d, and the MR test period was started. On d 14 and every 7 d, the amount of feed offered to individual cows was adjusted to keep BW constant. The MR of cows was determined when all cows had a constant BW. W is when BW was determined. See online version for figure in color.
CV (n = 4 assays) were 8% and 5%, respectively. Plasma concentrations of glucose were quantified with an enzymatic colorimetric procedure (Thermo DMA, Louisville, CO). Samples from d 14, 49, and 189 were analyzed in 4 assays per day of collection. Intra-and interassay CV (n = 12 assays) were 3% and 3%, respectively. Concentrations of insulin in plasma from d 49 and 189 were quantified with a solid-phase RIA for human insulin (Coat-ACount Insulin kit, Diagnostic Products Corp.; Bossis et al., 1999) with bovine pancreatic insulin as the standard (Sigma Chemical Co., St. Louis, MO). The intra-assay CV (n = 1 assays) was 2.6%. Concentrations of progesterone in plasma were quantified with a solid-phase RIA (Coat-A-Count Progesterone kit; Diagnostic Products Corp.; Vizcarra et al., 1997) . Intra-and interassay CV were 4% and 7%, respectively.
Commencing at 55 ± 10 d (trial 1) and 35 ± 10 d (trial 2) after calving, blood samples were taken for progesterone analyses twice a week for 3 wk or until luteal activity was confirmed. The criterion for luteal activity was progesterone > 1 ng/mL for 2 or more sequential samples collected at 3-or 4-d intervals (Wettemann et al., 1972) .
Muscle Sample Collection
Longissimus dorsi biopsy samples were obtained from the 6 cows with the least MR (LMR) and the 6 cows with the greatest MR (HMR) in both trials 2 and 3, after cows had consumed their actual MR for 28 d (trial 2) or 21 d (trial 3). The procedure with a sterile biopsy needle (7 mm i.d.) described by Winterholler et al. (2008) was used. All samples (400 mg of fresh tissue) were taken within 3 h from approximately 10 cm caudal to the last rib and 8 cm lateral to the vertebrae. Samples were immediately frozen in liquid nitrogen and stored at -80°C. Proteomic analyses were conducted in 2 replications (trials) with pairs (6 LMR and 6 HMR) of samples from the same trial in each replica.
Extraction of Muscle Proteins
Protein extracts were prepared from LM. Frozen samples (50 mg) from 6 LMR and 6 HMR were individually homogenized (Tissue tearor, model 985370-395; Biospec Products Inc., Bartlesville, OK) in 0.5 mL of 7 M urea, 2 M thiourea, and 4% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) on ice. Homogenized tissue was rocked (Multitube Rotator, model 4632, Barnstead Lab-Line, Melrose Park, IL) for 3 h at 4°C. Extractions were ultrasonicated (Fisher sonic dismembrator model 300; Fisher Scientific, Waltam, MA) on ice twice for 15 s, with a 1-min interval between ultrasonifications. Then samples were centrifuged (Beckman microfuge E; Beckman Coulter, Brea, CA) at 15,000 × g for 7 min at 4°C. Protein concentrations were estimated by a modified Bradford assay (Ramagli, 1999) and adjusted for each sample to 1.0 ± 0.1 µg/µL.
Protein Labeling
Protein extracts (pairs of 6 LMR and 6 HMR) were labeled using fluorescent dyes (CyDyes, GE Healthcare Bio Sciences, Amersham, Piscataway, NJ), following the manufacturer's instructions. The dyes used were Cy2, Cy3, and Cy5. Briefly, samples from LMR and HMR cows, within trials, were randomly assigned to previously establish labeling reactions (Table 1) . Protein labeling reactions were set up such that 1) both MR groups were equally represented by Cy3 or Cy5 dye to minimize possible variation due to the dye-protein binding and 2) a sample from each MR group was processed one after the other in the order mixed for the first dimension. Low MR or HMR protein extracts were labeled with either Cy3 or Cy5 dye (50 µg protein/400 pmol dye) during 30 min at 4°C. Then, l-lysine was added (10 mMol; 1 μL/400 pmol dye) for 10 min at 4°C to sequester any possible unbound Cy dye in the sample. An internal pooled standard (300 µg of protein in 300 μL) was prepared by pooling equal aliquots (25 µg in 25 μL) of all protein extracts, and the pool was labeled with Cy2 at the same time as LMR and HMR labeling reactions. All labeling reactions and procedures were conducted in the dark.
Two-Dimensional, Fluorescent, Difference Gel Electrophoresis
The first dimension of isoelectric focusing was performed, following the protein labeling process, using Immobiline DryStrip gels (IPG strips, pH 4-7, 24 cm × 0.35 cm; GE Healthcare Bio Sciences) and a Multiphor II gel apparatus at 20°C. Each of the 6 DryStrips was rehydrated with labeled protein from 1 LMR cow, 1 HMR cow, and the internal pooled standard following the arrangement in Table 1 . Equal amounts of protein (50 µg in 50 μL) from each extract and the internal pooled standard that were labeled with Cy3, Cy5, and Cy2 were mixed and added to 300 µL of rehydration buffer (6 M urea, 2 M thiourea, 2% wt/vol CHAPS, 50 mM dithiothreitol, 0.75% vol/vol IPG buffer pH 4-7). The IPG strip was rehydrated with the 450-μL mixture for 15 h under mineral oil. The rehydrated IPG strip was subjected to isoelectric focusing in 2 phases: 200 V for 6 h and 3,500 V for 28 h for a total of 99.2 kV·h. Focused IPG strips were stored for 10 h at -20°C.
The second dimension, SDS PAGE, was performed using 12% acrylamide gels (1.5 M Tris-HCL pH 8.8, 12% T acrylamide/bisacrylamide, 0.1% wt/vol SDS, 0.05% wt/vol ammonium persulfate [APS], 0.05% vol/vol tetramethylethylenediamine [TEMED]) casted in low-fluorescence glass plates (gel size 24 × 20 × 1 cm 3 ). Before electrophoresis, individual focused IPG strips were equilibrated in 2 steps (15 min each) using 10 mL of SDS equilibration buffer (6 M urea, 30% vol/vol glycerol, 2% wt/vol SDS, and 50 mM Tris pH 8.8) plus 1% weight/ volume dithiothreitol for the first step and 2.5% weight/ volume iodoacetamide for the second step. After equilibration, proteins were separated in the second dimension using an Ettan DALT six apparatus (GE Healthcare Bio Sciences) at 20°C. Equilibrated IPG strips and prestained protein standard (15 μL, 10 to 250 kDa, Bio-Rad Laboratories Inc., Richmond, CA) in filter paper were loaded on top of the casted separation gels, overlaid with 0.7% weight/volume agarose, and placed into the Ettan DALT six apparatus, using 1 × SDS running buffer (25 mM Tris, 192 mM glycin, 0.1% wt/vol SDS) in the lower chamber and 3 × SDS running buffer in the upper chamber. The second dimension was run at 15 mA/gel for the first 15 min, followed by 30 mA/gel until the blue color from the protein standard front had run to the bottom of the gel. First-and second-dimension procedures were developed using LM muscle tissue from biopsies taken from the same group of cows in the experiment.
Protein Identification
An extra gel was run for protein identification. Unlabeled proteins from a pooled extraction from 1 LMR and 1 HMR cow were separated using the 2-dimensional procedure as previously described. However, a greater amount of protein (470 µg in 470 μL) was loaded into the IPG strip to be stained and visualized with Coomassie blue after the 2-dimensional gel electrophoresis. Protein spots were numbered and excised using a plastic straw. Protein identification was performed at the Oklahoma State University recombinant DNA/Protein Core Facility. Excised spots were placed in 96-well plates (Microtiter 96-well plates, Thermo Scientific, Waltham, MA) and Matirx Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) analysis was performed using a mass spectrometer (DE-PRO [Applied Biosystems] with reflector, CID module) after trypsin digestion. Data were matched to NCBI and SWISS PRO using Mascot Daemon software (Mascot 2.2, Matrix Science Ltd., London, UK; www.matrixscience.com). The search criteria for peptide fingerprints were the digestion enzyme was trypsin, oxidation (M), propionamide (C), pyro-Glu (N-term Q), peptide mass tolerance of 100 ppm, peptide mass charge 1+, maximum cleavage 1, and number of queries 18. Identification of a protein required the following criteria: Mascot probabilistic scores above 50%, Mascot probability-based moledular weight search (MoWSe) score of the top-ranked candidate(s) exceeded the threshold for a significant result and was notably greater than those of the next ranked candidate, consistent theoretical and experimental molecular weight, and at least 5 matched peptides/protein.
Proteins without clear identification after MALDI-TOF analysis and database search were further analyzed on the LTQ Orbitrap (Electrospray tandem MS = MS mass spectrometer (Thermo Fisher Scientific, Walthom MA; with nano-LC and infusion, microspray, and nanospray electrospray ion sources). Data were processed in NCBI and SWISS PRO using SCAFFOLD software (V2.1.03, Proteome Software Inc., Portland, OR; www.proteomesoftware.com). Search criteria were as follows: tandem mass spectra were extracted using the extract MSN utility (Bioworks 3.3.1, Thermo Fisher Scientific Inc., Miami, OK). All MS/MS samples were analyzed using Mascot (Mascot 2.2, Matrix Science Ltd.) and X! Tandem (V2007.01.01.1; The Global Proteome Machine Organization, Beavis Informatics Ltd., Winnipeg, MB, Canada; www.thegpm.org). Mascot was set up to search the SwissProt New database (selected for Mammalia, 63,690 proteins) assuming the digestion enzyme trypsin. X! Tandem was set up to search the SwissProt New database (selected for all entries, 398,181 proteins) also assuming the digestion enzyme was trypsin. Mascot and X! Tandem were searched with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 10.0 ppm, S-carbamoylmethylcysteine cyclization (N-terminus) of the N-terminus, oxidation (M), n-formylation of the N-terminus, acetylation of the N-terminus, and acrylamide adduct of cysteine were specified in Mascot and X! Tandem. Identification of a protein required the following criteria: peptide probability greater than 95.0%, protein probability greater than 99.9%, and at least 2 identified peptides.
Images and Proteomic Data Analyses
Fluorescence images of the 12 gels were acquired on a Typhoon trio scanner (GE Healthcare Bio Sciences) using parameters recommended by the manufacturer. Cy2, Cy3, and Cy5 images for each gel were scanned at 488 nm/520BP40, 532 nm/580BP30, and 633 nm/670BP30 excitation/emission wavelengths, respectively, at 100-µm resolution, thus obtaining a total of 36 images (6 × 3 × 2). Image analysis of the muscle proteins was performed using DeCyder V5.0 (GE Healthcare Bio Sciences) following the manufacturer's recommendations. The differential in-gel analysis module (DIA) was used for intragel codetection and normalization of samples and internal standard protein spots. Artifactual spots (dust and others) were filtered and removed. The biological variation analysis (BVA) module was used for intergel matching of internal standard and samples across all gels and performing comparative cross-gel statistical analyses of all spots based on standardized log abundance, permitting the detection of differentially expressed spots between LMR and HMR by ANOVA. Standardized log abundance for each spot was the logarithm (base 10, log 10 ) of the normalized spot volume ratio (Cy3/Cy2 or Cy5/Cy2). The null hypothesis for the statistical test was as follows: there is no change in the protein abundance of LMR and HMR groups analyzed. Matches and data quality of proteins of interest were manually checked.
Statistical Analyses
Body weight and BCS of cows and calves were analyzed as a completely randomized design using the GLM procedure of SAS (SAS Inst. Inc.). Each trial was analyzed separately. The statistical model included MR, calf sex, and the interaction. Body weights of calves for trials 1 and 2 were combined and further evaluated using the MIXED procedure of SAS (SAS Inst. Inc.) with the model previously described including trial as a random effect, and all other effects were fixed. When effects were significant, least squares means (LSM) were compared using LSD (pdiff option of SAS).
Body weight and BCS of cows at 1 and 8 wk after parturition and at weaning were evaluated using the MIXED procedure of SAS (SAS Inst. Inc.). The statistical model included MR, day after the end of the test period, calf sex, and the interactions. Calf sex and or interaction effects with P > 0.30 were deleted from the model. Six covariance structures (variance component, compound symmetry, Huynh-Feldt, first-order autoregressive, Toeplitz, and unstructured) were examined to identify and use the best structure according to the goodness of fit statistic. Variance components for all analyses were estimated using the REML method. The covariance structure with the best goodness of fit statistics for cow BW after the test period was compound symmetry. The Kenward-Roger procedure was used to determine the denominator degrees of freedom.
Day to resumption of luteal activity for trial 2 was analyzed using the GLM procedure of SAS (SAS Inst. Inc.) with MR in the model. Luteal activity was not analyzed in trial 1 because all cows had luteal activity by d 57 after calving. Concentrations of hormones and metabolites in plasma were analyzed as a completely randomized design using the MIXED procedure of SAS (SAS Inst. Inc.). Hormone concentrations in plasma were analyzed within the day the samples were taken. Similar to previous analyses, 6 covariance structures were evaluated to select the appropriate structure. The covariance structure with the best goodness of fit was the first-order autoregressive in all cases and was used for analyses. The KenwardRoger procedure was used to determine the denominator degrees of freedom. The statistical models for IGF-I, T 4 , insulin, and glucose included MR, hour, block (laboratory assay if more than 1), and the interactions. Block was a random effect, and all other effects in the model were fixed. Interactions that were P > 0.30 were deleted from the final model. When effects were significant, LSM were compared using LSD (pdiff option of SAS).
Linear relationships among response variables were determined with PROC REG and PROC CORR of SAS (SAS Inst. Inc.). A regression model to predict MR (kcal·BW -0.75 ·d -1 ) was built using PROC REG and the forward stepwise procedure. Insulin, IGF-I, T 4 , glucose, BW, BCS, and age were included if the associated slope was P < 0.15 in the full model. Variables remained in the model if the slope was P < 0.3 in the final model, Cp criterion was lower, and adjusted R 2 was increased by 5%.
Ruminal temperatures were analyzed using the MIXED procedure of SAS (SAS Inst. Inc.). Similar to previous analyses, 6 covariance structures were evaluated to select the appropriate structure. The covariance structure with the best goodness of fit was the first-order autoregressive and was used for the analyses. Mean daily ruminal temperatures were calculated for each cow (20 to 27 cows per day) for 3 to 7 d before parturition. The initial model included MR and day relative to parturition, with mean ambient temperature as a covariable.
Day relative to parturition (P = 0.50) and mean ambient temperature (P = 0.82) were deleted from the final model. When effects were significant, LSM were compared using LSD (pdiff option of SAS).
RESULTS

Body Weight and BCS
The durations of the feeding period when cows were fed a complete diet to determine MR were 9 wk in trial 1, 7 wk in trial 2, and 7 wk in trial 3. Cows that did not maintain constant BW were deleted from analyses (3 cows in trial 1, 5 cows in trial 2, and 6 cows in trial 3). Cows maintained constant BW and BCS for 21 d in trial 1 (n = 20), 28 d in trial 2 (n = 27), and 21 d in trial 3 (n = 32; Fig. 1 ). Daily mean ambient temperatures during the period when MR of cows was determined averaged 8°C, 2°C, and 2°C in trials 1, 2, and 3, respectively. Maximum ambient temperatures during the period when MR of cows were determined averaged 26°C, 24°C, and 9°C in trials 1, 2, and 3, respectively; minimum ambient temperatures were -7°C, -13°C, and -3°C in trials 1, 2, and 3, respectively (Mesonet, site Marena; www.mesonet.org).
Initial and final BW and BCS of cows were similar (P > 0.10) for the 3 experiments. Initial and final BW of the cows were 595 ± 24 and 604 ± 25 kg, and initial and final BCS of cows were 5.1 ± 0.2 and 5.1 ± 0.3, respectively, in trial 1. In trial 2, initial and final BW of cows were 576 ± 47 and 569 ± 45 kg, and initial and final BCS were 5.0 ± 0.2 and 5.2 ± 0.2, respectively. Initial and final BW of cows were 565 ± 45 and 572 ± 43 kg, respectively, and initial and final BCS were 4.9 ± 0.3 and 5.1 ± 0.3, respectively, in trial 3.
Maintenance Energy Requirements
Daily MR (NE m , kcal·BW -0.75 ·d -1 ) averaged 89.2 ± 6.3, 93.0 ± 4.9, and 90.4 ± 4.6 in trials 1, 2, and 3, respectively. Cows in the LMR, MMR, and HMR groups, within trials, differed (P < 0.05) in the actual amount of daily energy required to maintain constant BW (Table 2 ). Maintenance energy requirements were not influenced by age (P ≥ 0.45) or BW (P ≥ 0.2) of cows in trials 1 and 2. Body weight change of cows from maintenance to weaning was not influenced (P = 0.50) by MR in trial 1 (Table 3) . Body weight change, from the last day when cows were fed maintenance diets to 1 mo after the end of the test period in trial 2, was influenced (P = 0.02) by MR of the cows. The increase in BW of HMR cows was greater (P = 0.006) compared with the increase in BW of LMR cows, and the increase in BW of MMR was greater (P = 0.05) compared with the increase in BW of LMR cows. Body weight change from late gestation through weaning was not effected by MR × day (P > 0.2) or by MR (P > 0.18) in trials 1 and 2. Body weight decreased (P < 0.001) after parturition both years.
Body condition score at parturition was not influenced by MR in trial 1 (P = 0.73) or 2 (P = 0.17; Table 3 ). In trial 1, BCS at weaning tended (P = 0.08) to be influ- 1 Body weight at maintenance is the mean BW during the period of constant BW. Body weight change was the difference from the BW at the end of MR determination at 8 mo of gestation (trial 1) or 7 mo of gestation (trial 2).
2 Group were defined as low (>0.5 SD less than mean, LMR), medium (±0.5 SD of mean, MMR), or high (>0.5 SD more than mean, HMR).
enced by MR of cows with greater BCS for LMR. However, BCS at weaning was not influenced (P = 0.27) by MR in trial 2 (Table 3) . Body condition score of cows from parturition through weaning was not affected by MR × day or by MR in trial 1 (P = 0.31, P = 0.16, respectively) or in trial 2 (P = 0.38, P = 0.14, respectively). Body condition score decreased (P < 0.001) after parturition in trials 1 and 2.Weights of calves at birth and at weaning were not influenced (P > 0.59) by MR of dams (Table 4) .
Endocrine Responses
Initiation of luteal activity occurred by 57 ± 9 d after calving for 95% of the cows in trial 1 before the first blood sample was collected. Resumption of luteal activity after calving in trial 2 was not influenced (P = 0.57) by MR of the cows and averaged 48 ± 11 d (Table 4) .
There was a tendency for concentrations of IGF-I in plasma to be influenced (P = 0.08) by MR × hour in trial 2 when cows consumed predicted MR. Concentrations of IGF-I in plasma were greater (P < 0.001) for MMR cows compared with LMR cows at all hours sampled after 14 d consuming the predicted (NRC) MR diets in trial 2 (Fig. 2 ) and tended (P = 0.06) to be greater in MMR cows compared with HMR cows after 14 d consuming predicted (NRC) MR diets. Concentrations of IGF-I in plasma were not influenced by MR at maintenance (P = 0.15) or at 2 mo after parturition (P = 0.11; Fig. 2 ). Plasma concentrations of IGF-I were not influenced (P = 0.4) by hour after 14 d consuming predicted (NRC) MR diets (data not shown). Plasma concentrations of IGF-I were greater (P = 0.02) at 0730 and 1100 h compared with 1430 h at maintenance. Similarly, plasma concentrations of IGF-I were greater (P ≤ 0.01) at 0730 and 1100 h compared with 1430 h at 2 mo postpartum.
Concentrations of glucose in plasma were not influenced (P > 0.1) by MR × hour at any period in trial 2. Concentrations of glucose in plasma did not differ (P = 0.18) among MR treatments after 14 d consuming predicted (NRC) MR diets (70 mg/dL), at maintenance (P = 0.93; 67 mg/dL), or at 2 mo postpartum (P = 0.60; 68 mg/dL). Concentrations of glucose in plasma were not affected by the hour of sampling after 14 d consuming predicted (NRC) MR diets (P = 0.97; data not shown), at maintenance (P = 0.16), or at 2 mo postpartum (P = 0.75).
Concentrations of T 4 in plasma were not affected (P > 0.54) by MR × hour at any period in trial 2. Concentrations of T 4 in plasma tended to be influenced (P = 0.08) by MR at maintenance, with greater concentrations in HMR (46.5 ng/mL) compared with MMR (43.6 ng/mL) and LMR (41.3 ng/mL) cows. Plasma concentrations of T 4 were not influenced (P = 0.36) by MR at 2 mo postpartum. Plasma concentrations of T 4 were greater (P ≤ 0.01) at 1100 and 1430 h compared with those at 0730 h at maintenance. Similarly, plasma concentrations of T 4 were greater (P < 0.001) at 1100 and 1430 h compared with those at 0730 h at 2 mo postpartum.
Concentrations of insulin in plasma were not affected (P > 0.57) by MR × hour at any time in trial 2. Plasma concentrations of insulin did not differ among LMR, MMR, and HMR cows at maintenance (P = 0.74, 0.34 ng/mL) or at 2 mo postpartum (P = 0.90; 0.31 ng/ 1 Group were defined as low (>0.5 SD less than mean, LMR), medium (± .5 SD of mean, MMR), or high (>0.5 SD more than mean, HMR). and at 2 mo postpartum (PP) in trial 2. Groups were defined as low (>0.5 SD less than mean), medium (±0.5 SD of mean), or high (>0.5 SD more than mean) maintenance energy requirement. Standard error averaged across times was 4. On d 14, IGF-I was greater for MMR (P < 0.001) compared with LMR cows and tended to be greater (P = 0.06) in MMR than HMR cows. Maintenance energy requirement did not influence IGF-I at maintenance or 2 mo PP. mL). Plasma concentrations of insulin were not influenced (P = 0.25) by the hour of sampling at maintenance. However, concentrations of insulin in plasma were greater (P ≤ 0.003) at 0730 and 1100 h compared with 1430 h at 2 mo postpartum.
Maintenance energy requirements were not correlated with BW, BCS, or plasma concentrations of IGF-I, T 4 , glucose, and insulin at maintenance (P > 0.16). Similarly, MR were not correlated (P > 0.40) with BW, BCS, or plasma concentrations of glucose or insulin at 2 mo postpartum. However, MR was negatively correlated with IGF-I (r = -0.38; P = 0.05) at 2 mo postpartum. Body condition score was positively correlated with plasma concentrations of glucose (r = 0.45, P = 0.02) at maintenance and with plasma concentrations of T 4 (r = 0.41; P = 0.04) at 2 mo postpartum. Concentrations of IGF-I in plasma were positively correlated with plasma concentrations of T 4 (r = 0.53, P < 0.01) at maintenance. All other correlations between MR, BW, BCS, and plasma constituents were not significant (P > 0.10).
A multiple linear regression model for MR gave a small adjusted coefficient of determination (R 2 ). The full model included BW, BCS, IGF-I, T 4 , glucose, insulin, and age. After the forward stepwise procedure the variables left in the model were IGF-I, T 4 , and insulin. However, the adjusted R 2 (0.23) was small. The final model was MR (kcal·BW -0.75 ·d -1 ) = 0.07607 -0.0001246 IGF-I + 0.02119 insulin + 0.00044864 T 4 .
Ruminal Temperature
Ruminal temperature from 3 to 7 d before parturition was not influenced (P = 0.56) by MR in LMR (39.05°C ± 0.09°C), MMR (38.94°C ± 0.07°C), and HMR (38.93°C ± 0.07°C) cows.
Longissimus Muscle Proteome
Muscle proteins were separated over a pH range of 4 to 7 and size between 71 and 14 kDa (Fig. 3) ; proteins were identified and analyzed. Proteins that were present in greater concentrations (Fig. 3) such as serum albumin (number 1), tropomyosin (numbers 23 and 24), actin (number 25), and myosin (number 62) were difficult to focus under numerous conditions during the development of procedures.
Protein abundance was evaluated using 8 gels and 24 images because technical difficulties required the exclusion of 4 gels. Only proteins that were present in 21 or more of the 24 images were considered for analysis. From a total of 103 isolated protein spots, 78 proteins corresponding to 52 gene products were identified. Proteins were related to metabolism (27%), contractile apparatus (23%), cell structure (12%), cell defense (14%), and other processes (24%; Table 5 ; annotated in Fig. 3 ). The largest protein identified was the 71-kDa heat shock cognate, and the smallest was the 14-kDa phosphohistidine phosphatase. Several proteins (16 of 78) were represented on more than 1 spot, indicating the presence of several isoforms of the protein. The percentage of proteins matching bovine proteins in databases was 95%, and the rest were matched to human proteins. In most cases theoretical and experimental isoelectric points (pI) and MW were similar. Nevertheless, differences in theoretical and experimental pI and MW of the proteins were present. The biggest difference between theoretical and experimental pI occurred with cofilin-2 (7.88 vs. 5.9). The biggest difference between theoretical and experimental MW was with creatinine kinase M type (43.04 vs. 22.5 kDa) and pyruvate kinase isozyme m type (57.0 vs. 35.0 kDa). Proteins such as heat shock β 1 and troponin T slow skeletal muscle were represented by 4 spots that differed mainly in their pI. Heat shock β 1 was represented by spots 69, 71, 73, and 107 (Fig. 3) , and experimental pI were 5.69, 5.89, 6.24, and 6.6, respectively.
The abundance of proteins in the LM was not influenced (P > 0.10) by MR of cows. The abundance of the protein with the greatest difference in amounts between LMR and HMR cows was cofilin-2, and the amounts did not differ (P = 0.11). 
DISCUSSION
Maintenance requirements (kcal NE m ·BW -0.75 ·d -1 ) for pregnant, nonlactating cows averaged 89.2, 93.0, and 90.4 for trials 1, 2, and 3, respectively, and minimal variation between years may be the consequence of different groups of cows and the differences in ambient temperature between years. Five cows were studied in both trials 1 and 2, and 4 of the 5 cows ranked in the same position relative to each other in both years. Other studies determined that the daily ME m for mature nonlactating, nonpregnant Angus cows was between 100 and 118 kcal ME·BW -0.75 ·d -1 (Ferrell and Jenkins, 1985; Solis et al., 1988; Laurenz et al., 1991) . Estimation of MR in this study was determined using the NE m basis. Metabolizable energy for maintenance includes the heat increment of the feed. Deduction of the heat increment of feed from ME m gives NE m (McDonald et al., 2002) . Differences in physiological and environmental conditions, method used to estimate MR, and other factors may account for variations in estimated MR among studies. Maintenance requirements were 9.1% less for LMR compared with MMR, and MR for HMR was 5.7% greater compared with MMR in trial 1. In trial 2, MR were 7.0% less for LMR compared with MMR, and MR for HMR was 5.5% greater compared with MMR. Maintenance requirements were 5.8% less for LMR compared with MMR, and MR for HMR was 6.7% greater compared with MMR in trial 3. This variation is consistent with other studies in Angus cows (DiCostanzo et al., 1990) and Hereford steers (Derno et al., 2005) . The coefficients of variation for MR in our study were 7% and 5% in trials 1 and 2, respectively. In Angus cows the CV for MR was 11% (DiCostanzo et al., 1990) . Differences in MR between cows are consistent when cows are in different physiological states (Ferrell and Jenkins, 1985; Montaño-Bermudez et al., 1990) and seasons (Laurenz et al., 1991) .
Maintenance energy requirements have a moderate heritability in beef cattle (h 2 = 0.52; Hotovy et al., 1991) . Heritability for heat loss in mice is between 0.26 and 0.31 (Nielsen et al., 1997) . Selection of mice for greater or lesser heat loss resulted in significant differences in heat loss after 15 generations (Nielsen et al., 1997) . Selection of more efficient cows should be feasible; there is variation that could respond to selection.
Body condition score of the cows was not affected by MR after the test period. This indicates that with ad libitum intake during lactation, MR does not influence body fat stores. Body condition score of cows was positively correlated with concentrations of glucose in plasma at maintenance. Similarly, loss of BCS was associated with reduced concentrations of glucose in feed-restricted beef cows (Richards et al., 1989) and other ruminants (Trenkle, 1978) . In addition, BCS was positively correlated with concentrations of insulin in plasma of primiparous beef cows (Lalman et al., 2000) and pregnant beef cows (Lents et al., 2005) , and changes in plasma insulin usually correspond to similar changes in plasma concentrations of glucose (Richards et al., 1989) . Body condition score of the cows was positively correlated with concentration of T 4 in plasma 2 mo postpartum. In agreement, postpartum lactating beef cows with greater BCS had greater concentrations of T 4 in plasma compared with thinner cows on d 46, 60, and 67 postpartum (Flores et al., 2008) , and BCS accounted for 7% of the variation in concentrations of T 4 in plasma of pregnant beef cows (Lents et al., 2005) .
Birth and weaning weights of calves were not influenced by MR of the dam. Milk production and weaning weights of calves are positively associated (Neville, 1962; Rutledge et al., 1971) , indicating that MR and milk production were not related for cows in this study. Even though milk production was positively associated with MR among different crossbreeds and types (Ferrell and Jenkins, 1984) , only 23% of the variation in MR was accounted for by differences in milk production in crossbreeds with different potentials for milk production (Montano-Bermudez et al., 1990) . Freking and Marshall (1992) found that milk production potential was not associated with nonlactational energy intake of primiparous Hereford × Angus, Hereford × Simmental, and Hereford × Tarentaise cows. Cows consuming less energy relative to their milk production were the most efficient (Freking and Marshall, 1992) . Perhaps milk production was not associated with MR or more efficient cows made better use of the energy available for milk production or both. The fact that weaning weights of the calves were not influenced by MR of the cows indicates that the variation in MR of the cows in the current experiment was not associated with milk production.
Days to resumption of luteal activity after parturition was not influenced by MR of cows. Nutrition and BCS at parturition are major factors influencing reproductive performance in beef cows (Randel, 1990; Wettemann et al., 2003) . However, BCS of cows at calving was not influenced by MR. Low MR cows may be more efficient in the use of energy. In our study, weaning weights of calves were not influenced by MR of cows, which makes LMR cows more efficient by decreasing the inputs/outputs ratio. Evaluation of the effect of selection for LMR of cows on reproductive performance of the cows will require further investigation.
Although concentrations of IGF-I in plasma were not correlated with MR when lactating cows were fed a maintenance diet, concentrations of IGF-I in plasma were negatively correlated with MR when cows were lactating and grazing ad libitum at 2 mo postpartum. Physiological state could influence the relationship of MR and plasma IGF-I. Insulin-like growth factor I is primarily produced by the liver in response to GH (Jones and Clemmons, 1995; Keisler and Lucy, 1996) . Cattle with a negative energy balance usually have increased concentrations of GH in plasma and decreased IGF-I (Richards et al., 1991; Keisler and Lucy, 1996; Bossis et al., 1999) . When dairy cows are in negative energy balance, receptors for GH (GHR) in the liver are downregulated; therefore, the normal stimulatory action of GH on the synthesis of IGF-I becomes uncoupled, and IGF-I secretion by the liver is reduced despite high plasma concentrations of GH (Radcliff et al., 2006) . Realimentation reverses the uncoupling of the GH-IGF-I system (Thissen et al., 1994) . Concentrations of hepatic GHR and plasma IGF-I are positively related to nutrient uptake (Donaghy and Baxter, 1996) and energy balance (Radcliff et al., 2003) . Although the effect of nutrition on uncoupling the effect of GH on synthesis of IGF-I in the liver of beef cows has not been established, we speculate that the negative correlation observed between MR and IGF-I when cows were grazing ad libitum could be the consequence of downregulation of hepatic GH receptors, uncoupling of the GH-IGF-I axis, and decreasing IGF-I secretion. Under similar conditions, even when cows had similar energy reserves, nutrients available may have been inadequate for cows with greater MR to stimulate IGF-I secretion by the liver, whereas cows with lower MR required less energy to stimulate IGF-I secretion.
The relationship between systemic concentration of IGF-I and feed efficiency in cows has not been established. Positive correlations have been identified between IGF-I and net or residual feed intake (Moore et al., 2005) . However, minimal or no correlations among IGF-I and feed efficiency have been found in other studies (Lancaster et al., 2008; Kelly et al., 2010) . Concentrations of IGF-I in serum of cattle have a heritability of 0.5 (Zhang et al., 2013) . Further investigation is needed to confirm that IGF-I could be used as a biomarker for MR.
Cows were fed at 0830 h, and concentrations of IGF-I in plasma were greater at 0730 and 1100 h compared with those at 1430 h. In agreement, pregnant beef cows had greater concentrations of IGF-I in plasma after restricted from feed and water for 18 h compared with samples taken 1 h after feeding (Lents et al., 2005) . Plasma concentrations of IGF-I decreased after fasting in rats (Maes et al., 1983) , pigs (Dauncey et al., 1990) , and heifers (Spicer et al., 1992) and increased 6 to 9 h after feeding in lactating dairy cows at 2 mo postpartum (Wylie et al., 2008) . Growth hormone tended to decrease after feeding dairy cows (Sutton et al., 1988) , which may be a consequence of increased IGF-I in plasma and the negative feedback of IGF-I on GH release. Feeding did not influence plasma concentrations of IGF-I in dairy cows 1, 3, or 7 mo postpartum (Wylie et al., 2008) or in dairy calves (Vicari et al., 2008) . Differences among species, differences in the physiological state of animals, diets, and feeding times may be responsible for the different effects of feeding on plasma concentrations of IGF-I.
Concentrations of T 4 in plasma tended to be greater in HMR cows compared with LMR and MMR cows when they were fed the maintenance diet. Concentrations of T 4 in plasma are associated with feed intake (Richards et al., 1995; Ciccioli et al., 2003) . Feed restriction resulted in decreased plasma concentrations of T 4 , and realimentation increased concentrations of T 4 in plasma of nonlactating beef cows (Richards et al., 1995) . Greater energy intake of HMR cows per BW -0.75 compared with the LMR cows could be related to greater plasma concentrations of T 4 in HMR, and the positive correlation between T 4 and IGF-I supports this suggestion. However, plasma concentrations of T 4 were not influenced by MR when cows grazed ad libitum. Similarly, serum concentrations of T 4 were not influenced by MR of mice with ad libitum feed (Kgwatalala et al., 2004) . A positive correlation between T 4 and BCS in this study agrees with a tendency for lower concentrations of T 4 in thin compared with fat beef cows (Rasby et al., 1991) .
Diurnal variation in T 4 in the cows in the current experiment was also observed in beef cows (Lammoglia et al., 1997) and dairy heifers (Bitman et al., 1984) . Plasma concentrations of T 4 tended (P < 0.08) to be lower at 0300 h, intermediate at 1100 h, and greatest at 1900 h in pregnant beef cows fed a total mixed ration (Lammoglia et al., 1997) . Plasma concentrations of T 4 in pregnant dairy heifers were lower during the morning and greater during the afternoon, and an increase in T 4 occurred shortly after feeding (Bitman et al., 1984) . Collectively, these results indicate that the diurnal variation in T 4 is related to variation in nutrient availability in plasma.
Maintenance energy requirements did not influence concentrations of glucose and insulin in plasma. Greater concentrations of insulin in plasma at 0730 and 1100 h compared with concentrations of insulin at 1430 h occurred when cattle grazed pasture, but concentrations of insulin in plasma were similar at the 3 sampling times when cows were fed a maintenance diet once daily. Changes in plasma insulin usually correspond to changes in plasma concentrations of glucose (Richards et al., 1989) . Concentrations of insulin in plasma increased within 1 h after feeding beef cows (Lake et al., 2006 ) and 3 to 5 h after feeding dairy cows (Sutton et al., 1988; Aleman et al., 2007; Wylie et al., 2008) . The increase in insulin after feeding was evident when dairy cows were fed twice a day but not when cows were fed 6 times a day, and concentrations of glucose in plasma were constant (Sutton et al., 1988) . Pregnant beef cows had greater concentrations of insulin in plasma after restricted from feed and water for 18 h compared with samples from fed cows (Lents et al., 2005) . Diet composition and feeding management may influence plasma concentrations of glucose and secretion of insulin.
Multiple regression analysis indicated that IGF-I, T 4 , and insulin were not significant in accounting for variation in MR of cows. Variation in MR may be explained by factors other than IGF-I, T 4 , and insulin.
Ruminal temperatures did not differ for cows with different MR. Body temperature tended to be positively associated with MR of beef steers (r = 0.70, P = 0.06; Derno et al., 2005) and mice (Mousel et al., 2001; Kgwatalala et al., 2004) . Mice selected for high (less efficient) heat loss had greater body temperature compared with those selected for low (more efficient) heat loss (Mousel et al., 2001) . Variations in ruminal temperature as a consequence of fermentation (Reynolds et al., 1991; Rose-Dye et al., 2011) and water consumption (Brod et al., 1982; Rose-Dye et al., 2011) could obscure variations in ruminal temperature associated with other physiological events (Cooper-Prado et al., 2011) .
Proteins from longissimus dorsi biopsies of beef cows with different MR were separated and identified for the first time. Similar to our results, 25% of the proteins identified from semitendinosus muscle of beef steers were related to metabolism (26%), contractile apparatus (15%), cell structure (17%), cell defense (16%), and other processes (26%; Bouley et al., 2004 ). In the current study, 21% of the proteins were represented by more than 1 spot; similarly, in bovine semitendinosus muscle 25% of the proteins were represented by more than 1 spot (Bouley et al., 2004) .
Differences in theoretical and experimental pI and MW of proteins could be attributed to co-or posttranslational modifications such as glycosylation, phosphorylation, and proteolytic cleavage. Cofilin-2 had the greatest difference in experimental pI compared with theoretical pI, and this may be the consequence of posttranslational phosphorylation (Yamagata et al., 2002) or of activation of cofilin by dephosphorylation (Rosenblatt et al., 1997) . In agreement, cofilin-2 had the greatest difference in experimental pI compared with theoretical pI in beef steer semitendinosus muscle (Bouley et al., 2004) and bull calf longissimus dorsi and semitendinosus muscle (Jia et al., 2006) postmortem. The difference between theoretical and experimental MW observed for creatinine kinase M type could be attributed to glycosylation (Spiro et al., 1992) .
Difference gel electrophoresis allowed the comparison of LM proteins from cows with low or high MR, 1 of each within the same gel, with the inclusion of an internal pooled standard in each gel that normalized and standardized. The abundance of the protein with the greatest difference in amount between LMR and HMR cows was cofilin-2, with a standardized log abundance of -0.038 and 0.014, respectively (P = 0.11). Although the difference in cofilin-2 between HMR and LMR cows was not significant, studies should evaluate possible roles of cofilin since it is an actin-regulatory protein required for reorganization of actin filaments and it recycles older ADP-F-actin to maintain the ATP-G-actin pool for sustained motility in vivo (Bamburg, 1999) .
The current experiment corroborates that withinherd variation in MR exists in beef cows. The variation in MR between nonlactating, pregnant, Angus cows with the least and greatest MR in the 3 trials averaged 27%. This offers the opportunity to improve the efficiency of beef production because there is variation that could respond to selection. Individually, T 4 , glucose, and insulin may not be biomarkers for MR, but possibly, IGF-I either alone or combined with other hormones could predict MR. However, further studies are needed to confirm that IGF-I could be a biomarker of MR. This report identifies proteins from bovine longissimus dorsi, and these data and the developed procedure may be useful in further proteomic analyses in energy efficiency, meat quality, and other studies involving bovine muscle. Identification of biomarkers for MR will allow selection of more efficient cows and therefore improve efficiency of production and enhance sustainability of the environment.
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